Autophagy and interferon (IFN)-mediated innate immunity are critical antiviral defence mechanisms, and recent evidence indicated that tripartite motif (TRIM) proteins are important regulators of both processes. Although the role of TRIM proteins in modulating antiviral cytokine responses has been well established, much less is known about their involvement in autophagy in response to different viral pathogens. Through a targeted RNAi screen examining the relevance of selected TRIM proteins in autophagy induced by herpes simplex virus 1 (HSV-1), encephalomyocarditis virus (EMCV) and influenza A virus (IAV), we identified several TRIM proteins that regulate autophagy in a virus-species-specific manner, as well as a few TRIM proteins that were essential for autophagy triggered by all three viruses and rapamycin, among them TRIM23. TRIM23 was critical for autophagy-mediated restriction of multiple viruses, and this activity was dependent on both its RING E3 ligase and ADPribosylation factor (ARF) GTPase activity. Mechanistic studies revealed that unconventional K27-linked auto-ubiquitination of the ARF domain is essential for the GTP hydrolysis activity of TRIM23 and activation of TANK-binding kinase 1 (TBK1) by facilitating its dimerization and ability to phosphorylate the selective autophagy receptor p62. Our work identifies the TRIM23-TBK1-p62 axis as a key component of selective autophagy and further reveals a role for K27-linked ubiquitination in GTPasedependent TBK1 activation.
T ripartite motif (TRIM) proteins are key components of the innate immune system, functioning as antiviral restriction factors or modulating signalling cascades that lead to proinflammatory cytokine induction 1, 2 . Moreover, several TRIM proteins also regulate fundamental cellular processes such as cell proliferation and differentiation, gene transcription and RNA metabolism. TRIM proteins belong to the larger family of RING E3 ligases and can synthesize both classical degradative K48-linked ubiquitination and various non-degradative polyubiquitin-linkage types. For most TRIM proteins, RING E3 enzymatic activity is required for their ability to restrict viral infection or modulate innate immune signalling 1 .
Autophagy is an evolutionarily conserved and highly regulated homeostatic process in which damaged or surplus proteins and organelles are engulfed by double-membrane structures called autophagosomes and subsequently degraded by the lysosome 3 . Although autophagy was initially described as a non-specific autodigestive response to nutrient depletion, it has become evident that autophagy also selectively recognizes and degrades 'tagged' cargos via autophagy receptors, such as p62/SQSTM1, optineurin and NDP52 4 . Upon recognition via ubiquitin, galectin or other 'earmarks' , cargos are delivered by these receptors to microtubuleassociated protein light chain 3 (LC3)-containing autophagosomes to induce cargo degradation 5 .
Autophagy is implicated in diverse physiological functions in humans, including stress adaptation, development, and protection against inflammation and neurodegeneration 3 . Furthermore, autophagy has been increasingly appreciated as an important mechanism in antimicrobial defences [6] [7] [8] . In relation to viral infection, it has been shown that autophagy can either promote or suppress viral replication, dependent on the viral pathogen, host species and cell type. Recent studies have demonstrated that autophagy and antiviral innate immune responses, in particular the type I interferon (IFN) response, are intricately interconnected 6, 8 , and several key molecules involved in innate immunity are also important regulators of autophagy. For example, TANKbinding kinase 1 (TBK1) phosphorylates IFN-regulatory factor 3 and p62 to induce IFN-β induction and autophagy, respectively [9] [10] [11] . Nucleotide-binding oligomerization domain (NOD)-like receptor family member X1 (NLRX1) suppresses RIG-I-mediated IFN-β gene expression, while promoting virus-induced autophagy 12, 13 . Moreover, it has recently been demonstrated that TRIM proteins, which are well known to regulate antiviral cytokine responses, also play important roles in virus-induced autophagy and autophagymediated antiviral defences 2, 14 . For example, TRIM5α has been shown to mediate autophagy-dependent degradation of the capsid of human immunodeficiency virus 1 (HIV-1) 14 . However, compared to the wealth of information about TRIM-mediated regulation of antiviral cytokine responses, our knowledge about the functional role of TRIM family members in autophagy in response to different viral pathogens is still rudimentary.
Here, we show that TRIM proteins play important roles in virus-triggered autophagy in a virus-species-specific manner. We further identify TRIM23, which has dual E3 ubiquitin ligase and GTPase activities, as a core component of the selective autophagic machinery. TRIM23 GTP hydrolysis activity is activated through K27-linked auto-polyubiquitination, which is essential for the
TRIM23 mediates virus-induced autophagy via activation of TBK1
TRIM23 is essential for autophagy in response to viral infection. Both our cDNA and RNAi screens suggested that TRIM23 is an important molecule in autophagy, which is a fundamental process in vertebrates, invertebrates and yeast. Sequence alignment showed that TRIM23 is highly conserved in vertebrates and also Caenorhabditis elegans ( Supplementary Fig. 2a ); however, no orthologous TRIM23 sequence was identified in yeast. TRIM23 transcripts were readily detectable in many different human tissues ( Supplementary Fig. 2b ). Furthermore, in contrast to many TRIM proteins, which are expressed at low levels under normal conditions and are inducible by type I IFN (ref. 1 ), TRIM23 mRNA was not upregulated upon IFN-α stimulation or infection with Sendai virus (SeV), which is known to robustly induce type I IFNs ( Supplementary Fig. 2c ). In line with this, endogenous TRIM23 protein was readily detectable under normal (unstimulated) conditions and its abundance did not change upon IFN-α stimulation or SeV infection ( Supplementary Fig. 2d ).
To corroborate the role of TRIM23 in autophagy, we first compared the effect of ectopically expressed FLAG-TRIM23 on GFP-LC3B puncta formation and conversion of endogenous LC3B-I to LC3B-II in wild-type (WT) mouse embryonic fibroblasts (MEFs) and MEFs that are deficient in ATG5 (ATG5 −/− MEFs) 17 . FLAG-TRIM23 efficiently induced LC3B puncta formation and LC3B-I/ II processing in WT MEFs, but not ATG5 −/− MEFs ( Supplementary  Fig. 3a-c) . To confirm the data from our siRNA screen, we silenced endogenous TRIM23 using a small hairpin RNA (shRNA) that has a different TRIM23-targeting sequence than the siRNAs used. ShRNA-mediated knockdown of TRIM23 profoundly reduced the number of GFP-LC3B puncta that formed upon infection with mutHSV-1, IAV, or respiratory syncytial virus (RSV) of the family Pneumoviridae ( Supplementary Fig. 3d-f ). Consistent with the results from our siRNA screen, shRNA-mediated TRIM23 depletion also markedly reduced GFP-LC3B puncta formation and LC3B-I/II conversion induced by rapamycin ( Supplementary  Fig. 3g -i). We next used MEFs from TRIM23 −/− and WT mice 18 to confirm the role of TRIM23 in autophagy. While mutHSV-1 infection and rapamycin treatment efficiently induced GFP-LC3B puncta formation in WT MEFs, the numbers of GFP-LC3B puncta were very low in infected TRIM23 −/− MEFs, similar to those in untreated cells ( Fig. 2a-c) . In line with this, endogenous LC3B puncta accumulated in rapamycin-treated or mutHSV-1-infected WT, but not TRIM23 −/− , cells ( Supplementary Fig. 4a ). TRIM23 gene targeting also abrogated LC3B puncta formation induced by infection with a GFP-expressing recombinant human adenovirus (Ad-GFP, a dsDNA virus) or Sindbis virus (SINV, an alphavirus with a positive-strand RNA genome), further strengthening that TRIM23 is important for autophagy triggered by a broad range of viruses (Fig. 2d,e and Supplementary Fig. 4b,c) . Notably, gene targeting of TRIM23 had only a minor or no effect on basal or starvation-induced autophagy, respectively ( Fig. 2a-e and Supplementary Fig. 4d,e ).
Another hallmark of autophagic flux is the degradation of the selective autophagy receptor p62 (refs. 19, 20 ) . Whereas endogenous p62 was degraded in WT MEFs in response to mutHSV-1 infection or rapamycin treatment, it was stabilized and abundant in TRIM23 −/− MEFs (Fig. 2f ). However, the increased protein abundance of p62 in TRIM23 −/− MEFs was not due to transcriptional upregulation of p62 in these cells ( Supplementary Fig. 4f ). Electron microscopy (EM) confirmed that WT, but not TRIM23 −/− , MEFs contained a large number of autophagolysosomes following mutHSV-1 infection or stimulation by rapamycin ( Fig. 2g ).
EM analysis also showed that mutHSV-1-infected TRIM23 −/− MEFs had an increased number of virus particles in the cytoplasm as compared to infected WT cells ( Fig. 2g ), suggesting that TRIM23-mediated autophagy acts in an antiviral manner. To test this directly, we analysed HSV-1 replication in WT and TRIM23 −/− MEFs (Fig. 2h ). As TRIM23 reportedly also plays a role in type I IFN responses 21, 22 , we sought to compare the growth of WT HSV-1 and mutHSV-1, the latter lacking a major autophagy-antagonistic mechanism due to mutation in the γ 34.5 protein 15 and therefore efficiently inducing LC3B-I/II conversion in contrast to WT HSV-1 ( Supplementary Fig. 4g ). However, both WT HSV-1 and mutHSV-1 have intact IFN-antagonistic properties, evident by the failure to upregulate IFN-stimulated gene (ISG) protein expression ( Supplementary Fig. 4g ), allowing us to specifically test the autophagy function of TRIM23 in virus restriction. The replication of WT 74  41  23  38  44  61  25  13  16  60  51  20  30  12  28  9  11  46  56  34  19  35  29  7  49  32  10  68  14  5α  59  48  18  37  52  43  27  65  8  54  47  21  36  62  26  55  24  63  6  22  69  17  15  67  1  71  39  31  4  2  3 Low/intermediate Supplementary Fig. 1a ) in which 61 TRIM proteins were tested for their ability to induce GFP-LC3B puncta formation in transiently transfected HeLa cells. TRIM proteins were categorized into 'high inducers' of autophagy (red; defined as inducing more GFP-LC3B puncta than rapamycin stimulation), or 'low/intermediate inducers' and 'non-inducers' (magenta/blue; defined as inducing fewer GFP-LC3B puncta than rapamycin but more than empty vector transfection, or similar to vector transfection, respectively). Numbers indicate individual TRIM proteins. b, Representative laser-scanning confocal microscopy images of GFP-LC3B puncta formation in HeLa cells for the top seven hits from the TRIM cDNA screen shown in a. Representative images for GFP-LC3B puncta formation induced by rapamycin treatment or empty vector transfection (controls) are also shown. Scale bar, 20 µ m. c-e, GFP-LC3B puncta formation in stable GFP-LC3B-HeLa cells transiently transfected with non-targeting control siRNA (NT) or siRNAs targeting the indicated TRIM or ATG proteins and subsequently infected with mutHSV-1 (MOI of 4) for 8 h (c), IAV (MOI of 5) for 14 h (d) or EMCV (MOI of 100) for 6 h (e). Box and whisker plots show the distribution of the area of GFP-LC3B for three individual images, each containing ~30 cells. f, Summary of the results of GFP-LC3B puncta formation from the RNAi screen using viral stimuli (c-e) or rapamycin treatment ( Supplementary Fig. 1d ). NV, no infection. *P < 0.05, ***P < 0.0005 (ANOVA test). Data are representative of one screen (a), or two (b) or three (c-f) independent experiments. is essential for virus-induced autophagy. a,b, GFP-LC3B puncta formation in TRIM23 +/+ or TRIM23 −/− MEFs transiently transfected with GFP-LC3B and either left uninfected (Mock) or infected with mutHSV-1 (MOI of 4) for 12 h, or treated with DMSO or rapamycin for 2 h. Results represent the mean GFP-LC3B puncta per cell ± s.d. (n = 50). ***P < 0.001 (Student's t-test). c, Representative images of GFP-LC3B puncta formation for the experiments shown in a and b. Scale bar, 20 µ m. d,e, Quantification of RFP-LC3B or GFP-LC3B puncta in transiently transfected TRIM23 +/+ or TRIM23 −/− MEFs that were left uninfected (Mock) or infected with Ad-GFP (MOI of 100) for 48 h or SINV (MOI of 5) for 24 h. Results represent the mean RFP/GFP-LC3B puncta per cell ± s.d. (n = 50). ***P < 0.001 (Student's t-test). f, Endogenous p62 protein levels in the whole-cell lysates (WCLs) of TRIM23 +/+ and TRIM23 −/− MEFs that were either left uninfected, infected with mutHSV-1 (MOI of 4) for 12 h, or stimulated with rapamycin for 2 h, determined by immunoblot (IB) with anti-p62. g, EM analysis of TRIM23 +/+ and TRIM23 −/− MEFs that were mock-treated, stimulated with rapamycin for 2 h, or infected with mutHSV-1 (MOI of 4) for 12 h. Arrows indicate autophagolysosomes. Nuc, nucleus; Mit, mitochondrion; V, virus particle. Scale bars, 500 nm. h, Replication of WT HSV-1 and mutHSV-1 (both MOI of 0.1) in TRIM23 +/+ and TRIM23 −/− MEFs, determined by TCID 50 
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HSV-1 was similar for WT and TRIM23 −/− MEFs, probably due to the strong autophagy-antagonistic capacity of this virus. However, the replication of mutHSV-1, which is impaired in autophagy antagonism, was enhanced by almost 2-log in TRIM23 −/− MEFs as compared to WT cells, indicating that the autophagy function of TRIM23 confers antiviral activity ( Fig. 2h ). To corroborate these findings, we tested the replication capacity of Ad-GFP and SINV, both of which are known to be restricted by autophagy 23, 24 , in WT and TRIM23 −/− MEFs. Compared to WT MEFs, TRIM23 −/− cells exhibited markedly enhanced replication of Ad-GFP and SINV ( Fig. 2i,j) . Taken together, these results indicate that TRIM23 plays a central role in virus-triggered autophagy and this activity of TRIM23 restricts viruses that are targeted by autophagy for degradation.
K27-linked auto-polyubiquitination of the ARF domain is required for TRIM23-mediated autophagy.
A key feature of TRIM proteins is their N-terminal RING-finger E3 ligase activity, which mediates the conjugation of ubiquitin or ubiquitin-like proteins. In addition, TRIM proteins have different C-terminal domains, which typically mediate protein-protein interactions, but can also have enzymatic activity 1 . TRIM23 is unique in that it is the only TRIM family member that possesses a C-terminal ARF domain, which has GTPase activity 25 . To determine the relevance of the RING and ARF domains for TRIM23-mediated autophagy, we tested mutant proteins of TRIM23 in which these two domains have been deleted individually (Δ RING and Δ ARF TRIM23) for their ability to induce GFP-LC3B puncta. Whereas ectopic expression of WT TRIM23 robustly triggered GFP-LC3B puncta formation, the Δ RING and Δ ARF TRIM23 mutants did not ( Fig. 3a-c) . To test if the enzymatic activity of the RING domain is important for TRIM23 autophagy function, we generated a C34A mutant of TRIM23, which is defective in E3 ligase activity 18, 26 . Similar to the Δ RING mutant, the TRIM23 C34A mutant completely lost the ability to induce GFP-LC3B puncta (Fig. 3b,c ). This indicates that both the RING E3 ligase activity and the ARF domain are required for TRIM23-mediated autophagy.
During our studies, we noticed several higher-molecular-weight bands of FLAG-TRIM23, which immunoblotting confirmed as polyubiquitinated versions of TRIM23 ( Fig. 3d ). Interestingly, rapamycin treatment enhanced the ubiquitination of FLAG-TRIM23 ( Supplementary Fig. 5a ). Consistent with these results, we also readily detected polyubiquitination of endogenous TRIM23, which was minimal under normal conditions, but strongly increased upon autophagy induction by rapamycin ( Fig. 3e ). To determine whether TRIM23 ubiquitination represents auto-ubiquitination or is mediated by the activity of another E3 ligase, we compared the ubiquitination levels of WT TRIM23 with those of the catalytically inactive TRIM23 mutants, Δ RING and C34A. Unlike WT TRIM23, the Δ RING and C34A TRIM23 mutants had no detectable ubiquitination ( Fig. 3d ), strongly suggesting that TRIM23 is auto-ubiquitinated. Furthermore, the Δ ARF mutant of TRIM23 also showed a near-complete loss of polyubiquitination ( Fig. 3f and Supplementary Fig. 5b ).
To identify the lysine residues in TRIM23 that undergo ubiquitination, we performed large-scale affinity purification of FLAG-TRIM23 expressed in mutHSV-1-infected HEK293T cells and then analysed the ubiquitinated TRIM23 bands by mass spectrometry (MS). This identified six ubiquitination sites in TRIM23: K250 located in the coiled-coil (CC) domain and K402, K425, K446, K458 and K460 located in the ARF domain ( Supplementary Fig. 5c ), suggesting that the ARF domain is the major site of ubiquitination. Individual mutations of K250, K402, K425 and K446 to arginine and double mutation of K458 and K460 to arginine all failed to detectably diminish the ubiquitination levels of TRIM23 ( Supplementary  Fig. 5d ); however, combined mutation of the five lysines located in the ARF domain (K402R/K425R/K446R/K458R/K460R; hereafter referred to as TRIM23 5K→ R) led to a near-complete loss of TRIM23 ubiquitination, similar to Δ ARF TRIM23 ( Fig. 3f ).
To determine whether ubiquitination of the ARF domain is required for TRIM23's autophagy function, we tested WT TRIM23 and its 5K→ R mutant for their ability to induce autophagy. Whereas WT TRIM23 expression led to high numbers of GFP-LC3B puncta, the 5K→ R mutant lost this ability, similar to the Δ ARF TRIM23 mutant ( Fig. 3g and Supplementary Fig. 5e ). Collectively, these results indicate that auto-ubiquitination of TRIM23 at K402, K425, K446, K458 and K460 is required for the autophagy-promoting activity of TRIM23.
To identify the linkage type of TRIM23 auto-polyubiquitination, we expressed in HEK293T cells FLAG-TRIM23 together with HA-tagged WT ubiquitin (WT Ub), or Ub mutants in which all internal lysines are mutated except one ( Fig. 3h ). Co-expression of WT Ub as well as the Ub-K27only and Ub-K29only mutants led to efficient TRIM23 polyubiquitination, while co-expression of other Ub mutants did not ( Fig. 3h ). To corroborate this, we performed an in vitro restriction assay using a set of deubiquitinating (DUB) enzymes that remove specific ubiquitin linkage types 27 (Fig. 3i ): OTUB1 (K48-linkage-specific), OTUB2 (K63-linkage-specific), TRABID (K29-and K33-linkage-specific) and YOD1 (K27-, K29and K33-linkage specific). USP21, which cleaves all types of ubiquitin linkages, served as positive control in this assay. Incubation with YOD1 and USP21 profoundly reduced the ubiquitination of FLAG-TRIM23, while other DUB enzymes had no effect ( Fig. 3i,j) . Moreover, co-expression of TRIM23 with WT Ub, but not a K27R Ub mutant, led to efficient TRIM23 polyubiquitination ( Fig. 3k ), providing further evidence that TRIM23 is primarily modified by K27linked polyubiquitination. Collectively, these results indicate that K27-linked auto-polyubiquitination of TRIM23 at the C-terminal ARF domain is required for TRIM23 autophagy function.
K27-linked ubiquitination is required for the GTPase activity of TRIM23 and its recruitment to autophagosomal membranes. The ARF domain of TRIM23 has been shown to have GTP hydrolysis activity in vitro 25 , but the relevance of this activity for TRIM23 function during viral infection remains unknown. Interestingly, homology modelling of the TRIM23 ARF domain based on the crystal structure of ARF6 revealed that the five ubiquitinated lysine residues are in close proximity to the GTPase catalytic site and located in regions that undergo major structural changes during the GDP-GTP cycle ( Fig. 4a ). Therefore, we next asked whether (1) GTP hydrolysis activity is required for TRIM23 autophagy function, (2) GTPase activity affects TRIM23 ARF ubiquitination, or alternatively, (3) K27-linked ubiquitination affects the GTPase enzymatic activity. In contrast to WT TRIM23, a mutant of TRIM23 that has abolished GTP hydrolysis activity (TRIM23 K458I) 25 did not induce GFP-LC3B puncta formation, similar to the Δ ARF TRIM23 mutant ( Fig. 4b ), suggesting that GTPase activity is required for TRIM23-mediated autophagy.
The TRIM23 K458I mutant had comparable ubiquitination levels as WT TRIM23, suggesting that GTPase activity is not a prerequisite for TRIM23 auto-ubiquitination ( Supplementary Fig. 6a ). To test whether K27-linked ubiquitination affects the GTP hydrolysis activity of TRIM23, we performed a luciferase-based in vitro GTPase assay using purified TRIM23 WT and 5K→ R mutant proteins ( Fig. 4c ). WT TRIM23 showed efficient GTPase activity, which was similar to that of Rab5α , a distantly related small GTPase of the Rab protein family. In contrast, the TRIM23 5K→ R mutant exhibited low GTPase activity, comparable to that of the GTPasedefective mutants K458I and Δ ARF. Importantly, the C34A mutant, which has abolished RING E3 ligase activity, also showed defective GTPase activity ( Fig. 4c ), further strengthening that TRIM23 autoubiquitination is important for GTPase activity. In accord, an in vitro GTPase assay measuring free phosphate production showed that, unlike WT TRIM23, the TRIM23 5K→ R, C34A, K458I and Δ ARF mutants had strongly impaired GTP hydrolysis activities ( Supplementary Fig. 6b ). Next, as GTPase-defective TRIM23 of TRIM23 is necessary for its autophagy function. a, TRIM23 domain structure and mutant constructs. Numbers indicate amino acids. Efficient expression of TRIM23 WT and mutants was confirmed in transiently transfected HEK293T cells by IB with anti-FLAG. RING, Really Interesting New Gene domain; BB1/2, B-Box 1 and 2; CC, coiled-coil; ARF, ADP-ribosylation factor domain. b, GFP-LC3B puncta formation in TRIM23 −/− MEFs transiently transfected with GFP-LC3B (green) and either empty vector, or the indicated FLAGtagged TRIM23 constructs (red). DAPI, nuclei (blue). Scale bar, 20 µ m. c, Quantification of GFP-LC3B puncta for b. Results represent the mean GFP-LC3B puncta per cell ± s.d. (n = 50). ***P < 0.001 (Student's t-test). d, Ubiquitination of FLAG-TRIM23 WT and mutants in transiently transfected HEK293T cells, determined by immunoprecipitation (IP) with anti-FLAG and IB with anti-ubiquitin (Ub) at 48 h post-transfection. e, Ubiquitination of endogenous TRIM23 in HEK293T cells that were either mock-treated or stimulated with rapamycin for 4 h, determined by IP with anti-TRIM23 and IB with anti-Ub. f, Ubiquitination of FLAG-tagged TRIM23 WT and mutants in transiently transfected HEK293T cells, assessed by IP with anti-FLAG and IB with anti-Ub at 48 h post-transfection. *Unspecific band. H C , antibody heavy chain. g, Quantification of GFP-LC3B puncta in GFP-LC3B-HeLa cells transiently transfected with empty vector or the indicated TRIM23 constructs (FLAG-tagged). Results represent the mean GFP-LC3B puncta per cell ± s.d. (n = 30). h, Ubiquitination of FLAG-TRIM23 in transiently transfected HEK293T cells co-expressing HA-tagged WT ubiquitin (Ub WT) or the indicated Ub mutants, assessed by IP with anti-FLAG and IB with anti-HA at 48 h post-transfection. i, In vitro DUB restriction assay of FLAG-TRIM23 purified from transfected HEK293T cells co-expressing HA-Ub WT. TRIM23 protein was incubated with the indicated DUB enzymes, followed by IB with anti-HA. j, Polyubiquitination (poly-Ub) of TRIM23 from i, quantified by densitometry. Results represent the mean of two independent experiments ± s.d. k, Ubiquitination of FLAG-TRIM23 in transiently transfected HEK293T cells that co-expressed either HA-tagged WT Ub, or the K27R Ub mutant. At 48 h later, WCLs were subjected to IP with anti-FLAG, followed by IB with anti-HA. Data are representative of two (a-c,e,i-k) or 
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mutants are expected to exhibit prolonged GTP-bound states, we tested purified WT TRIM23 and its 5K→ R mutant for their abilities to bind GTP-agarose matrix in vitro. In this assay, the TRIM23 mutant K458I, which is locked in the GTP-bound state, as well as Δ ARF TRIM23, which is unable to bind GTP, served as controls ( Fig. 4d ). TRIM23 5K→ R bound to GTP-agarose more strongly than WT TRIM23, which supports the conclusion that ubiquitination of the ARF domain is important for its GTP-GDP cycling activity and also indicates that the 5K→ R mutation does not perturb the overall ARF structure (Fig. 4d ). To further strengthen these data, we purified FLAG-TRIM23 WT from cells in which either WT Ub, or the Ub mutants K27R or K27only, were overexpressed, and then measured TRIM23 GTPase activity in vitro (Fig. 4e ). This showed that TRIM23 purified from WT Ub or K27only Ub expressing cells exhibited strong GTP hydrolysis activity, but not TRIM23 from cells transfected with K27R Ub. These results indicate that K27-linked auto-ubiquitination of TRIM23 at the ARF domain is important for its GTPase enzymatic activity. The ARF domain of TRIM23 is highly homologous in sequence to members of the ARF protein family of small GTPases (ARF1-6) ( Supplementary Fig. 6c ), which are important regulators of membrane trafficking and organelle structures 28 . A common feature of ARF proteins and other small GTPases is their ability to cycle between the cytosol and membrane structures, or between different membrane compartments (for example, Golgi and late endoplasmic reticulum) in a GTP hydrolysis-dependent manner 29 . Therefore, we tested whether the GTPase activity of TRIM23 is necessary for its recruitment to p62-containing autophagosomal membranes. Whereas WT TRIM23 co-localized extensively with endogenous p62 punctate structures, the 5K→ R, K458I and C34A mutants showed much less co-localization ( Fig. 4f ). We also observed that, compared to WT TRIM23, the K458I, 5K→ R and C34A mutants exhibited a more punctate localization in vesicles that did not co-localize with p62 ( Fig. 4f ), suggesting that K27-polyubiquitin-dependent GTPase activity is needed for the cycling of TRIM23 from intracellular compartments (for example, the Golgi as previously reported 30 ) to autophagosomes. We next addressed whether TRIM23 co-localizes to early autophagosomes in a GTPase-dependent manner by determining its co-localization with the early autophagosomal marker ATG16L 31 . Whereas WT TRIM23 co-localized with ATG16Lpositive vesicles, the K458I and 5K→ R mutants did not show co-localization with ATG16L ( Supplementary Fig. 6d,e ). Moreover, neither WT TRIM23 nor the K458I and 5K→ R mutants co-localized with the lysosomal marker LAMP1 ( Supplementary Fig. 6f ). Taken together, these data indicate that K27-linked ubiquitination is essential for TRIM23 enzymatic activity to hydrolyse GTP and that the ubiquitin-dependent GTPase activity promotes the recruitment of TRIM23 to early autophagosomal membranes.
Interaction of TRIM23 with TBK1 and p62 during autophagy. To determine the molecular mechanism of TRIM23 in virus-induced autophagy, we sought to identify the TRIM23 interactome through MS analysis of cellular factors that co-purified with FLAG-TRIM23 from mutHSV-1-infected HEK293T cells. We found TBK1 and p62, two key molecules in selective autophagy 10, 11, 19, 32 , as major TRIM23 interaction partners ( Supplementary Fig. 7a ). We first confirmed the interaction of TRIM23 with TBK1 and p62 by co-immunoprecipitation (co-IP) and found that, whereas binding of endogenous TRIM23 to TBK1 and p62 was minimal in uninfected cells, the interaction was induced by mutHSV-1 infection (Fig. 5a,b) . Moreover, autophagy stimulation by rapamycin also enhanced TRIM23 binding to TBK1 and p62 ( Fig. 5a,b ). Confocal microscopy showed that ectopically expressed V5-TRIM23 co-localized extensively with both GFP-p62 and FLAG-TBK1, even without stimulation of autophagy; in contrast, endogenous TRIM23, TBK1 and p62 co-localized specifically upon autophagy stimulation, but not under normal (unstimulated) conditions ( Supplementary  Fig. 7b ,c). In accord, co-IP also indicated that endogenous TRIM23 forms a ternary complex with endogenous TBK1 and p62 specifically in mutHSV-1-infected or rapamycin-treated cells, but not mock-treated cells, suggesting that their interaction is inducible ( Supplementary Fig. 7d ). An in vitro binding assay using purified GST-TRIM23 and His-tagged TBK1 proteins showed an efficient interaction, suggesting that TBK1 is a direct binding partner of TRIM23 ( Supplementary Fig. 7e ). Mapping studies by co-IP revealed that WT TRIM23, but not the Δ ARF mutant of TRIM23, bound to endogenous TBK1 and p62 (Fig. 5c) . Notably, the 5K→ R mutant bound to TBK1 and p62 as efficiently as WT TRIM23, indicating that the K27-linked ubiquitination of the ARF domain is not necessary for recruiting TBK1 and p62 to TRIM23. Finally, complementary binding studies using truncated TBK1 constructs showed that TRIM23 interacted with the N-terminal kinase domain (KD) of TBK1, but not with its central ubiquitin-like domain (ULD) or C-terminal CC domains (Fig. 5d,e ).
We next asked whether TBK1 and p62 are required for TRIM23mediated autophagy. Individual depletion of endogenous TBK1 or p62 markedly reduced the numbers of GFP-LC3B puncta induced by ectopically expressed FLAG-TRIM23, while transfection of nontargeting control siRNA (si.NT) did not have any effect (Fig. 5f,g) . Treatment with the TBK1 inhibitor BX795 (ref. 33 ) abrogated the conversion of endogenous LC3B-I to LC3B-II induced by FLAG-TRIM23 ( Fig. 5h ), suggesting that the catalytic activity of TBK1 is necessary for TRIM23-mediated autophagy. Together, these results indicate that, upon autophagy stimulation, TRIM23 forms a complex with TBK1 and p62 and further that the kinase activity of TBK1 is important for mediating TRIM23's function in autophagy.
TRIM23 GTPase-dependent activation of TBK1 to phosphorylate p62. Recent studies demonstrated that during mitophagy or bacterial infection, TBK1 phosphorylates p62 at S403 and several other residues, thereby facilitating p62-mediated autophagic clearance 10, 11, 34 . We therefore hypothesized that TBK1 also phosphorylates p62 during viral infection and that this activity may be facilitated by TRIM23. Immunoblotting with a phospho-(p)-S403-p62 specific antibody showed detectable p62 phosphorylation upon mutHSV-1 infection or rapamycin treatment in control siRNA-transfected cells; in contrast, p62 phosphorylation was minimal in infected or rapamycin-stimulated cells that have been depleted of endogenous TRIM23 (Fig. 6a,b ). Conversely, ectopic expression of FLAG-TRIM23 increased S403 phosphorylation of endogenous p62, an effect that was nullified by treatment of cells with BX795 ( Fig. 6c ). To test if TRIM23 directly activates TBK1, we monitored by immunoblotting the trans-autophosphorylation of S172 in the activation loop of TBK1, which is indicative of TBK1 activation. We found that overexpressed TBK1 was already partially autophosphorylated at S172, as previously reported 35 , and co-expression of V5-TRIM23 strongly enhanced TBK1 autophosphorylation (Fig. 6d ). Confocal microscopy experiments showed that exogenously expressed TRIM23 also readily induced phosphorylation of endogenous TBK1 at S172 and it co-localized with phospho-S172-TBK1 in cytoplasmic punctate structures that also stained for p62 ( Fig. 6e ).
Our data indicated that K27-linked autoubiquitination of the ARF domain is important for TRIM23 GTPase activity and autophagy function. Thus, we next asked whether K27-ubiquitination and GTPase activity are important for TBK1 activation by TRIM23. In contrast to WT TRIM23, the mutants 5K→ R and K458I failed to enhance TBK1 phosphorylation at S172 as compared to vector transfection (Fig. 6f ). In accord, ectopic expression of WT TRIM23 but not of the mutants 5K→ R and K458I triggered endogenous p62 degradation, indicative of increased autophagic flux (Fig. 6f ). Furthermore, the TRIM23 Δ ARF mutant, which did not bind TBK1 or co-localize with LC3B-positive autophagosomes ( Fig. 5c and NATuRE MICROBIOlOGy Supplementary Fig. 8a ), also did not promote TBK1 S172 autophosphorylation or p62 degradation (Fig. 6f ). In line with these results, whereas WT TRIM23 effectively restricted mutHSV-1 infection, the TRIM23 mutants 5K→ R and Δ ARF failed to block virus replication ( Supplementary Fig. 8b ).
Finally, we asked how TRIM23 binding leads to activation of TBK1 in a manner that is dependent on its GTPase activity. As TBK1 enzymatic activation is known to require dimerization or higherorder oligomerization to allow trans-auto-phosphorylation at S172 to occur [36] [37] [38] , we tested whether the GTPase activity of TRIM23 facilitates TBK1 self-association by measuring the extent to which HA-tagged TBK1 co-purified with GST-TBK1. In the presence of WT TRIM23, we observed an increase in the amounts of co-purifying HA-TBK1, but not in the presence of the GTPase-defective mutants 5K→ R and K458I or vector transfection control (Fig. 6g ). Collectively, these results suggest that TRIM23's ARF GTPase activity induces TBK1 activation by promoting self-association of the kinase.
Discussion
Over the past decade, it has become clear that members of the TRIM E3 ligase family are important players in innate immune surveillance pathways 1 . More recently, a growing number of studies have indicated that TRIM proteins also regulate autophagy in response to viral infection or non-viral autophagy stimuli 14, 39, 40 . In this study, we tested the role of multiple TRIM proteins in the autophagic response to viral pathogens (both RNA and DNA viruses) from three major virus families. Although some TRIM proteins were required for autophagy upon both RNA and DNA virus infection, others were critical for autophagic flux in response to one particular type of viral pathogen. Interestingly, for the latter group of TRIM proteins, their virus-specific roles in autophagy correlated with their functions in intracellular innate immune responses to that particular virus. For example, TRIM56, which is known to regulate STING-dependent sensing of HSV-1 infection 41 , was required for autophagy induction in response to infection by HSV-1, but not the RNA viruses IAV TRIM23 interacts with TBK1 and p62 . a, Binding of endogenous TBK1 to TRIM23 in HEK293T cells that were mock-treated, infected with mutHSV-1 (MOI of 4) for 12 h, or treated with rapamycin for 2 h, determined by IP with anti-TRIM23 and IB with anti-TBK1. b, Binding of endogenous p62 to TRIM23 in HEK293T cells stimulated as in a, assessed by IP with anti-TRIM23 and IB with anti-p62. c, Binding of endogenous p62 and TBK1 to FLAG-tagged TRIM23 WT or its mutants in transiently transfected HEK293T cells, assessed by IP with anti-FLAG and IB with anti-TBK1 and anti-p62 at 48 h post-transfection. d, Schematic representation of TBK1 domain structure and mutant constructs used for mapping studies. Numbers indicate amino acids. KD, kinase domain; ULD, ubiquitin-like domain; CC, coiled-coil domain. e, Binding of TRIM23-V5 to FLAG-tagged TBK1 WT or mutants in transiently transfected HEK293T cells, determined by IP with anti-FLAG and IB with anti-V5 at 48 h post-transfection. f, Quantification of GFP-LC3B puncta in HEK293T cells transiently transfected with GFP-LC3B together with empty vector or FLAG-TRIM23 and either non-targeting control siRNA (si.NT), or siRNAs targeting TBK1 or p62 (si.TBK1 or si.p62). Results represent the mean GFP-LC3B puncta per cell ± s.d. (n = 30). ***P < 0.001 (Student's t-test). g, Representative knockdown efficiency of endogenous TBK1 and p62 for the experiment shown in f, determined by qRT-PCR. Results represent the mean ± s.d. (n = 3). h, Endogenous LC3B-I-to-II conversion in HEK293T cells that were transiently transfected with empty vector or FLAG-TRIM23 for 48 h and subsequently mock-treated or treated with BX795 for 4 h, assessed by IB with anti-LC3B. Data are representative of at least two (a-b,e-h) or three (c) independent experiments.
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and EMCV. TRIM25, which activates the sensor RIG-I via K63polyubiquitin 42 , specifically regulated autophagy in response to IAV, known to be sensed by RIG-I. Furthermore, TRIM13, which regulates EMCV-induced IFN induction by the sensor MDA5 (ref. 43 ), was also essential for EMCV-triggered autophagy. These correlations suggest that the functional roles of TRIM proteins in innate signalling and autophagy to a specific viral pathogen are intricately connected. In light of recent evidence suggesting that TRIM proteins can act as specific autophagy receptors by recognizing viral components 14 , future studies will need to determine the molecular details of how TRIM proteins link innate immune recognition and autophagy and which viral (or host) features are recognized by TRIM proteins to trigger autophagy.
We also identified a few TRIM proteins, including TRIM23, which had a profound effect on autophagy triggered by both RNA and DNA viruses as well as rapamycin, suggesting that these TRIM proteins regulate a fundamental step in the autophagic process. Our mechanistic studies revealed that TRIM23 is a core component of selective autophagy by assembling a signalling complex composed of the autophagy receptor p62 and its upstream regulator TBK1, , Endogenous p62 phosphorylation at S403 in the WCLs of HEK293T cells that were transfected with si.NT or si.TRIM23 for 48 h and then either mock-treated, infected with mutHSV-1 (MOI of 10) for 3 h (a) or treated with rapamycin for 4 h (b), determined by IB with anti-pS403-p62. Knockdown of endogenous TRIM23 was confirmed by IB with anti-TRIM23. c, Endogenous p62 phosphorylation at S403 in the WCLs of HEK293T cells that were transfected with empty vector or FLAG-TRIM23 for 44 h and then mock-treated or treated with BX795 for 4 h, determined by IB with anti-pS403-p62. d, S172 phosphorylation of FLAG-TBK1 in transiently transfected HEK293T cells that co-expressed empty vector or TRIM23-V5, determined by IP with anti-FLAG, followed by IB with anti-pS172-TBK1. e, Laser scanning confocal microscopy analysis of the co-localization of transiently transfected myc-TRIM23 with endogenous phospho-(p)-S172-TBK1 and p62 in HeLa cells, determined by immunostaining with anti-myc (green), anti-pS172-TBK1 (grey) and anti-p62 (red) antibodies at 48 h post-transfection. DAPI, nuclei (blue). Scale bar, 20 μ m. f, S172 phosphorylation of HA-TBK1 in HEK293T cells that were co-transfected with empty vector or FLAG-tagged TRIM23 WT or mutants, determined by IP with anti-HA and IB with anti-pS172-TBK1 at 48 h post-transfection. g, Left panel: TBK1 self-association assessed by co-purifying HA-TBK1 and GST-TBK1 in transiently transfected HEK293T cells that also co-expressed either empty vector, or FLAG-tagged TRIM23 WT or mutants, determined by IP with anti-GST and IB with anti-HA at 48 h post-transfection. Right panel: co-purification of GST-TBK1 and HA-TBK1 was quantified by densitometry, and the data shown represent the mean of two independent experiments ± s.d. Data are representative of at least two independent experiments (a-g).
ultimately promoting TBK1-mediated p62 phosphorylation and thereby autophagy. Our data thus identify the TRIM23-TBK1-p62 ternary complex as an important component of virus-induced autophagy. As rapamycin also induced the interaction of TRIM23 with TBK1 and p62, it is likely that the TRIM23-TBK1-p62 complex also regulates autophagy in non-viral contexts. Future studies will need to define the upstream stimuli and molecules that activate TRIM23 during autophagy, which may also reveal the molecular details of how TRIM23 functions specifically in p62-mediated selective autophagy, but not starvation-induced autophagy. Furthermore, whereas our study demonstrated that TRIM23-mediated autophagy restricts HSV-1, SINV and Ad, which are known to be targeted for degradation by autophagy [6] [7] [8] , the role of TRIM23-induced autophagy in the life cycle of viruses that usurp autophagy for their efficient replication remains to be addressed. Moreover, as TRIM23 reportedly has both positive and negative regulatory roles in the antiviral type I IFN response 21, 22 , in-depth studies are required to identify the molecular details of how TRIM23 dually coordinates virus-induced autophagy and IFN responses. TRIM23 is unique among the ~80 TRIM proteins in that it harbours both E3 ligase and GTPase enzymatic activities. We found that K27-linked auto-polyubiquitination of the ARF domain was required for TRIM23 GTP hydrolysis activity. Structure modelling indicated that the five ubiquitinated lysine residues are located in regions in the TRIM23 ARF domain that undergo extensive structural changes during the GDP-GTP cycle. It is thus conceivable that ubiquitin chains conjugated to the TRIM23 ARF sterically lock it in the active conformation, or alternatively, make the enzymatically inactive conformation of TRIM23 less favourable. As unconventional ubiquitin chains have been shown to also serve as recruitment platforms for protein interactions, it is also possible that K27-linked polyubiquitin allows for binding of host factors, such as GTPase-activating proteins, which promotes TRIM23 GTPase activity. Furthermore, it will be important to test whether other small GTPases also undergo non-degradative polyubiquitination for their enzymatic activity.
The GTP hydrolysis activities of ARF proteins and other small GTPases have been shown to allow cytosol-membrane or membrane-membrane cycling of these enzymes. Our study revealed that the GTPase activity of TRIM23 is needed for the localization of TRIM23 to autophagosomal membranes, to activate TBK1 there, thereby promoting phosphorylation of the autophagic receptor p62. Biochemical characterization showed that TRIM23 binds with its C-terminal ARF domain to the N-terminal KD of TBK1, and that GTP hydrolysis activity of the ARF stimulates TBK1-mediated phosphorylation of p62 at S403 in its ubiquitin-associated (UBA) domain, which was shown to promote cargo recruitment and autophagic flux 32, 34, 44, 45 . Our data support a model in which TRIM23 binding to the N-terminal KD of TBK1 and likely conformational changes induced by GTP-GDP cycling of its ARF domain, induce TBK1 dimer/multimer formation in a manner that facilitates TBK1 auto-phosphorylation of the activation loop in trans.
Besides TBK1 autophosphorylation, direct non-degradative ubiquitin modification of TBK1 was shown to be important for its activation in the IFN induction pathway, and multiple E3 ligases, including MIB1/2, have been implicated in TBK1 ubiquitination 37, 46, 47 . We observed modification of TBK1 with polyubiquitin upon exogenous expression of WT TRIM23, but not its E3 ligase-defective C34A mutant, to a similar extend as seen in the presence of MIB2, which served as a positive control ( Supplementary Fig. 8c ). Chemical inhibition of the proteasome did not enhance TBK1 ubiquitination induced by TRIM23 ( Supplementary Fig. 8d ), suggesting that TRIM23 promotes non-degradative ubiquitination of TBK1, probably indicative of TBK1 activation. However, the role of TBK1 ubiquitination for virusinduced autophagy warrants further investigation, as well as whether TBK1 is a direct substrate of TRIM23-mediated ubiquitination.
Taken together, our work unveils a role for K27-linked ubiquitination in TRIM23 GTPase function and its ability to activate TBK1-mediated autophagy, which may provide the basis for therapeutics against diseases caused by dysregulation of autophagy, such as microbial infections, inflammation and cancer.
Methods
Cell culture and viruses. HEK293T, Vero and HeLa cells (all purchased from ATCC) as well as WT and ATG5 −/− MEF cells 17 TRIM23 −/− MEFs were verified by immunoblotting with anti-TRIM23 antibody to confirm absence of TRIM23 protein expression. Cell lines from ATCC were authenticated by ATCC and were not validated further in our laboratory. Cell lines that were obtained and validated by other groups were not further authenticated. All cell lines used in this study have been regularly tested for potential mycoplasma contamination.
HSV-1 WT and mutant γ 34.5 virus (mutHSV-1, previously termed Δ 68H-6) were provided by S. Rabkin (Harvard) and have been previously described 16 . IAV (strain PR8/34 H1N1) was a gift from A. García-Sastre (Icahn School of Medicine at Mount Sinai). RSV (A2 strain) and EMCV (EMC strain) were purchased from ATCC. Sendai virus (Cantell strain) was purchased from Charles River Laboratories. Ad-GFP was obtained from Vector Biolabs (#1060) and SINV (strain HRSP) was provided by R. Kuhn (Purdue University).
Plasmids and transfections.
The TRIM cDNA library (HA-tagged and V5-tagged) was provided by A. García-Sastre (Icahn School of Medicine at Mount Sinai) and J. Jung (University of Southern California) and has been described previously 2 . pCMV6-TRIM23-MYC-DDK was purchased from Origene (NM_001656) and used as a PCR template to generate the truncation mutants TRIM23 Δ RING (aa 105-574) and TRIM23 Δ ARF (aa 1-389) cloned into the pCMV6-MYC-DDK vector using BamHI and MluI. Point mutations in pCMV6-TRIM23-MYC-DDK were introduced by site-directed mutagenesis (Phusion Flash, New England Biolabs) to generate the TRIM23 mutants C34A, K458I, K250R, K402R, K425R, K446R and K458R/K460R. The cDNA of the TRIM23 5K→ R (K402R/K425R/ K446R/K458R/K460R) mutant was purchased from GeneART (Thermo Fisher Scientific) and subcloned into the pCMV6-MYC-DDK-vector using BamHI and NotI restriction sites. TRIM23-V5 was constructed by subcloning full-length TRIM23 into the pEF-IRES-puro vector using XbaI and XhoI sites. pLKO.1sh.NT (sense sequence: CCTAAGGTTA AGTCGCCCTC GCTCGAGCGA GGGCGACTTA ACCTTAGG) and pLKO.1-sh.TRIM23 (sense sequence: GCAGTCATAG AGACAGAATTA) were purchased from Open Biosystems. pCMV6-RAB5A-MYC-DDK was acquired from Origene (NM_004162). The 3xFLAG-pCMV-p62 construct was provided by Y. Feng (Washington University, St Louis) and has been described previously 50 . pEGFP-C1-LC3 and pEGFP-1-p62 have been described previously 20, 51 . MIB2-FLAG 46 (Addgene #37117) as well as pCMV3-3xFLAG-hTBK1 (aa 1-729), pCMV3-3xFLAG -TBK1Δ CC (aa 1-385), pCMV3-3xFLAG-TBK1Δ ULD and pCMV3-3xFLAG-TBK1-KD (aa 1-305) were provided by M. Dorf (Harvard) and have been previously described 52 . pIRES-TBK1-CC-3xFLAG (aa 384-729) was generated by subcloning the cDNA encoding aa 384-729 of TBK1, including a C-terminal 3xFLAG tag, into the pEF-IRES-puro vector using XhoI and EcoRI restriction sites. GST-TBK1 was provided by C. Joo (University of Ulsan College of Medicine, South Korea). HA-tagged Ub-WT (#17608) and mutants K33-only-Ub (#17607), K48-only-Ub (#17605) and K63only-Ub (#17606) cloned into the pRK5-HA vector were a gift from T. Dawson (Addgene 53 ). HA-tagged K6-only-Ub (#22900), K11-only-Ub (#22901), K27-only-Ub (#22902) and K29-only-Ub (#22903) were provided by S. Weller (Addgene 54 ). HA-tagged K27R-Ub was generated by site-directed mutagenesis using pRK5-HA-ubiquitin WT as template. pmRFP-LC3 (#21075) was a gift from T. Yoshimori (Addgene 55 ). All constructs were sequenced to verify 100% agreement with the original sequence. Transfections were performed using the calcium phosphate method, or using Lipofectamine LTX and Plus reagent (Life Technologies), or linear polyethylenimine (1 mg ml -1 solution in 20 mM Tris pH 6.8; Polysciences), according to the manufacturer's instructions.
Antibodies and reagents.
For immunoblot analysis, the following antibodies were used: α -FLAG (1:2,000, M2, Sigma), α -HA (1:2,000, HA-7, Sigma), α -V5 (1:5,000, R960-25, Novex), α -GST (1:5,000, Sigma or 1:1,000, NB600-325, Novus Biologicals), α -β -actin (1:10,000, AC-15, Sigma), α -TRIM23 (1:1,000, ab97291, Abcam), α -ubiquitin (1:500, P4D1, Santa Cruz), α -LC3 (mouse, LC3.No.6, 1:1,000,
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Cosmo Bio USA), α -LC3B (rabbit, 1:1,000, NB100-2220, Novus Biologicals), α -p62 (1:2,000, α -N-term, PROGEN Biotechnik), α -TBK1 (1:2,000, 3013, Cell Signaling), α -ICP8 (1:5,000, provided by D. Knipe, Harvard), α -phospho-S403-p62 (1:500, Cell Signaling), α -SeV (1:2,000, PD029, MBL), α -ISG15 (1:1,000, Santa Cruz, F-9), α -3Dpol (1:400, 3B7, Santa Cruz), α -SINV (1:500, V-560-701-562, ATCC), α -RIG-I (1:1,000, Alme-1, LSBio) and α -phospho-S172-TBK1 (1:1,000, 5483, Cell Signaling). For immunoprecipitation of TRIM23, α -TRIM23 (ab97291, Abcam) was used. For immunoprecipitation of FLAG-tagged constructs, α -FLAG M2 Affinity Gel or magnetic beads (both Sigma), or α -FLAG antibody (M2, Sigma) and Protein A/G agarose (Thermo Fisher) were used.
Pepstatin A and E64D (used at 10 μ g ml -1 for 2-4 h; Sigma) were used to block autophagic flux in the experiments that assessed endogenous LC3B-I to LC3B-II conversion or GFP-LC3B puncta formation upon mutHSV-1 infection, rapamycin treatment or ectopic expression of TRIM proteins. Rapamycin (used at 100-150 nM (MEFs) or 3 µ M (HEK293T and HeLa)) was purchased from Sigma. BX795 (used at 1 µ M) was purchased from Santa Cruz. Recombinant IFNα Confocal microscopy. HEK293T, HeLa or MEF cells were grown in chamber slides (Thermo Fisher) or on coverslips (Chemglass) in 24-well plates, and transfected and/or infected as indicated. Cells were fixed with 4% (wt/vol) paraformaldehyde (PFA, Santa Cruz) for 20 min, permeabilized with 0.5% (vol/vol) Triton-X-100 in PBS and then blocked with 10% (vol/vol) goat serum or 1% milk powder in PBS for 1 h. For immunostaining, α -TRIM23 (1:200, ab97291, Abcam), α -LC3 (1:400, Novus Biologicals), α -phospho-S172-TBK1 (1:400, 5483, Cell Signaling), α -TBK1 (1:400, #3013, Cell Signaling), α -TRIM23 (1:100, clone C-1, sc-393923, Santa Cruz), α -FLAG (1:400, M2, Sigma), α -p62 (1:400, PROGEN Biotechnik), α -LAMP1 (1:400, H4A3, Developmental Studies Hybridoma Bank), α -V5 (1:500, R960-25, Life Technologies), α -myc (1:400, 9B11, Cell Signaling) and α -ATG16 (1:200, A7356, Sigma) were used, followed by incubation with secondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 594, Alexa Fluor 633 or Alexa Fluor 647 (all 1:400, Life Technologies). Cells were mounted in DAPI-containing Vectashield (Vector Labs) to co-stain nuclei. All laser scanning images were acquired on an Olympus IX8I confocal microscope or on a Leica SP8 confocal microscope. Cytoplasmic GFP-LC3B puncta in HeLa, HEK293T and MEF cells were manually counted for 30 or 50 randomly selected cells.
TRIM cDNA screen for autophagy induction. A total of 2 × 10 5 HeLa cells, grown on 12-mm-glass coverslips (Chemglass) in 24-well plates, were transiently transfected with GFP-LC3B (500 ng) and either empty vector plasmid (control) or plasmids encoding the individual TRIM proteins (V5-or HA-tagged, 1,500 ng) using FuGENE reagent (Roche) according to the manufacturer's protocol. At 48 h post-transfection, cells were treated with 10 µ g ml -1 Pepstatin A and E64D for 3 h to block autophagic flux. Stimulation of cells with rapamycin (3 µ M) for 2 h served as positive control. Cells were rinsed once with PBS and fixed in 4% (wt/vol) PFA (Santa Cruz) for 20 min at room temperature. Fixed cells were mounted on glass slides using the Vectashield HardSet mounting medium including DAPI to visualize cell nuclei. GFP-LC3B puncta for 30 randomly selected cells were quantified using an Olympus IX8I confocal laser scanning microscope. In parallel, expression of the individual TRIM proteins was confirmed by IB analysis.
In vitro DUB restriction assay. Purified human DUB enzymes were purchased from Thermo Fisher Scientific: USP21 (DB509), OTUB1 (H00055611-P01), OTUB2 (C242), YOD1 (NBP2-22955) and Trabid (E-560). HEK293T cells overexpressing FLAG-TRIM23 and HA-Ub WT were lysed in NP-40 buffer (150 mM NaCl, 1% (vol/vol) NP-40, 50 mM HEPES pH 7.4 and protease inhibitor cocktail (Sigma)) at 48 h post-transfection and cell debris pelleted by centrifugation at 13,000 r.p.m. for 20 min at 4 °C. Post-centrifuged whole-cell lysates (WCLs) were incubated with FLAG M2 magnetic beads (Sigma) for 4 h. FLAG-precipitates were washed extensively with 500 mM NaCl-containing NP40 lysis buffer and then incubated in DUB assay buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 4 mM dithiothreitol (DTT)) together with 2 µ g of recombinant USP21, OTUB1, OTUB2, YOD1, or Trabid at 37 °C for 2 h. The reaction was stopped by adding Laemmli SDS sample buffer and heating at 95 °C for 5 min. Samples were separated by SDS-PAGE and polyubiquitination of TRIM23 was determined by IB with α -HA antibody.
In vitro binding assay. Purified recombinant human His-TBK1 (H00029110-P01), GST-TRIM23 (H00000373-P01) and GST (NBP1-30259) were purchased from Novus Biologicals. Glutathione agarose beads (Pierce #78601) were incubated with 0.5 µ g GST-TRIM23 or GST in Triton X-100 buffer (150 mM NaCl, 5 mM EDTA, 1% (vol/vol) Triton X-100, 50 mM HEPES pH 7.4 and protease inhibitor cocktail (Sigma)) for 16 h at 4 °C. Beads were washed extensively to remove unbound protein and subsequently incubated with 0.5 µ g His-TBK1 in Triton X-100 buffer for 4 h at 4 °C. Beads were washed extensively and elution of precipitated proteins was performed by heating samples in Laemmli SDS sample buffer at 95 °C for 5 min, followed by SDS-PAGE.
GTP-agarose pulldown. HEK293T cells (~6 × 10 6 cells per sample), transiently transfected with vector, FLAG-tagged TRIM23 WT or mutants, were lysed in 1,000 µ l GTP binding buffer (20 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 150 mM NaCl, 0.1% (vol/vol) Triton X-100 and protease inhibitor cocktail (Sigma)) and cell lysates were cleared from cell debris by centrifugation at 13,000 r.p.m. for 20 min at 4 °C. Post-centrifuged lysates were mixed with a ~50% slurry of GTP agarose resin (Novus Biologicals, 505-0001) and incubated for 2 h at 4 °C. After extensive washing of the beads with GTP binding buffer, samples were boiled in Laemmli SDS sample buffer for 5 min at 95 °C, followed by SDS-PAGE. As IAV and EMCV infection already cause a block of autophagic flux, only samples infected with mutHSV-1 or treated with rapamycin were additionally treated with E64D and Pepstatin A (each 10 µ g ml -1 ) for 4 h to inhibit autophagic flux. Cells were fixed in 4% (wt/vol) PFA (Santa Cruz) for 20 min at room temperature, washed extensively with PBS, and mounted directly on glass slides for confocal microscopy analysis using the Vectashield HardSet mounting medium including DAPI to visualize cell nuclei. Laser scanning images were taken on an Olympus IX8I confocal microscope at a × 40 magnification. Using an Image J macro, the GFP-LC3B puncta were highlighted, the background eliminated and the image converted to a binary image (as shown in Supplementary Fig. 1c ). The area of the highlighted GFP-LC3B puncta in an area of 500 × 500 pixels was quantified using ImageJ's particle analyser function. A total of three data points (each 500 × 500 pixels, ~30 cells) were quantified from individual images for each screen. The whole screen was repeated three times. Data analysis, visualization and statistics (analysis of variance (ANOVA) two-way tests) were performed using custom R scripts.
SiRNA-mediated knockdown of TBK1 and p62. HEK293T cells were seeded into 24-well plates (~2.5 × 10 5 cells per well). The next day, cells were transfected with 60 nM of gene-specific siRNAs using Lipofectamine RNAiMAX (Life Technologies) according to the manufacturer's instructions. SiRNAs targeting TBK1 (siGENOME SMARTpool M-003788-02-0005) or p62 (siGENOME SMARTpool M-010230-00-0005), as well as a non-targeting control siRNA (siGenome Control Pool D-001206-14-50) were purchased from Dharmacon. At 48 h later, knockdown efficiency of endogenous TBK1 and p62 was determined by quantitative reverse transcription PCR (qRT-PCR) as described below.
qRT-PCR analysis. Total RNA was extracted from cells using the HP Total RNA Kit (OMEGA bio-tek) according to the manufacturer's instructions. Reverse transcription and qRT-PCR were performed in one step using 2 µ l (~400 ng) of the purified RNA samples as templates (SuperScript III Platinum Kit, Invitrogen) on a 7500 Fast Real-Time PCR Machine (Applied Biosystems) according to the manufacturer's instructions. TaqMan probes for each individual gene were acquired as premixed master mixes (IDT) and added to the reaction. Expression level for each target gene was calculated by normalizing against GAPDH using the Δ Δ CT method and represented relative to the values for mock-treated cells, which were set to 1.
Analysis of TRIM23 mRNA expression in human tissues.
To determine the absolute copy number of TRIM23 transcripts in the Human Total RNA Master Panel II (Clontech), qPCR was performed in one step using 20 ng of the individual cDNA library samples and the SuperScript III Platinum Kit (Invitrogen) on a 7500 Fast Real-Time PCR Machine (Applied Biosystems) according to the manufacturer's instructions. A TaqMan probe for the TRIM23 gene was acquired as premixed (IDT) master mix and added to the reaction. A standard of known concentration was serially diluted to determine the absolute numbers of TRIM23 mRNA in the individual tissues.
Electron microscopy. TRIM23 +/+ and TRIM23 −/− MEF cells were grown in six-well plates. At 48 h later, cells were treated for 2 h with 10 μ g ml -1 Pepstatin A/E64D and either mock-treated or treated with 150 nM rapamycin for 2 h, or infected with mutHSV-1 (MOI of 4) for 12 h. Cells were fixed with a mixture of 0.75% formaldehyde, 1.25% glutaraldehyde and 0.015% picric acid in 50 mM sodium cacodylate buffer (pH 7.4) for 1 h at room temperature. After washing with sodium cacodylate buffer (50 mM pH 7.4), cells were scraped off, pelleted and embedded in Epon for 24-48 h at 40 °C. Perfused cells were cut ultrathin (Reichert-Ultracut-S)
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and transferred into a formvar/carbon coated copper grid for imaging. All images were acquired using the Tecnai G² Spirit BioTWIN (FEI) at the Electron Microscopy Facility of Harvard, Boston.
Pull-down assay, co-immunoprecipitation and immunoblot analysis. HEK293T cells were lysed in Triton X-100 buffer (150 mM NaCl, 5 mM EDTA, 1% (vol/vol) Triton X-100, 50 mM HEPES pH 7.4, and protease inhibitor cocktail (Sigma)), NP-40 buffer (150 mM NaCl, 1% (vol/vol) NP-40, 50 mM HEPES pH 7.4 and protease inhibitor cocktail (Sigma)) or RIPA buffer (150 mM NaCl, 0.5-1% (vol/vol) NP-40, 1% (wt/vol) deoxycholic acid (DOC), 0.01% (vol/vol) SDS, 20 mM Tris pH 8.0 and protease inhibitor cocktail (Sigma)) and cell debris pelleted by centrifugation at 13,000 r.p.m. for 20 min at 4 °C. FLAG pull-downs, co-IP and western blot analyses were performed as previously described 42 . Elution of precipitated proteins was performed by heating samples in Laemmli SDS sample buffer at 95 °C for 5 min.
Large-scale protein purification and mass spectrometry analysis. To identify cellular interaction partners of TRIM23 in virus-infected cells, twenty 10 cm dishes of HEK239T cells (~1 × 10 7 cells per dish) were each transfected with 24 µ g of pCMV6 empty vector or FLAG-TRIM23, followed by infection with mutHSV-1 (MOI of 1) at 36 h post-transfection. At 12 h later, cells were lysed with Triton X-100 buffer (150 mM NaCl, 5% EDTA, 1% (vol/vol) Triton X-100, 50 mM HEPES pH 7.4 and protease inhibitor cocktail (Sigma)), followed by centrifugation at 13,000 r.p.m. for 20 min at 4 °C. Post-centrifuged lysates were pre-cleared using 100 μ l Sepharose 4B (Sigma) to remove cell debris. Lysates were mixed with a ~50% slurry of α -FLAG M2 Affinity Gel (Sigma) and incubated for 4 h at 4 °C. After extensive washing of the beads with lysis buffer, bound proteins were eluted in 2× Laemmli SDS sample buffer for 5 min at 95 °C and separated on a NuPAGE 4-12% Bis-Tris gradient gel (Life Technologies). To stain co-immunoprecipitated proteins, a Silverquest staining kit (Invitrogen) was used according to the manufacturer's instructions. Bands that were specifically present in the FLAG-TRIM23 sample, but not empty vector, were excised and analysed by ion-trap mass spectrometry analysis at the Harvard Taplin Biological Mass Spectrometry Facility, Boston.
To identify the lysine residues in TRIM23 that undergo ubiquitination, twenty 10 cm dishes of HEK239T cells (~1 × 10 7 cells per dish) were each transfected with 24 µ g of FLAG-TRIM23. At 48 h later, cells were lysed with Triton X-100 buffer (150 mM NaCl, 5% EDTA, 1% (vol/vol) Triton X-100, 50 mM HEPES pH 7.4, protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail (Sigma)), followed by centrifugation at 13,000 r.p.m. for 20 min at 4 °C. Post-centrifuged lysates were pre-cleared using 100 μ l Sepharose 4B (Sigma) to remove cell debris. A ~50% slurry of α -FLAG M2 Affinity Gel (Sigma) was added to lysates and incubated for 4 h at 4 °C and beads were subsequently washed extensively with lysis buffer. Purified proteins were eluted in 2× Laemmli SDS sample buffer and heated for 5 min at 95 °C. Eluted proteins were separated on a NuPAGE 4-12% Bis-Tris gradient gel (Life Technologies). To stain the proteins on the gel, Coomassie Brilliant Blue (NuSep, Coomassie Electrophoresis Stain) was used. Bands corresponding to unmodified and ubiquitin-modified FLAG-TRIM23 were excised and analysed by ion-trap mass spectrometry for post-translational modifications at the Harvard Taplin Biological Mass Spectrometry Facility, Boston. Viral growth assays. TRIM23 +/+ and TRIM23 −/− MEF cells, grown in six-well plates, were infected with WT HSV-1 or mutHSV-1 at the indicated MOIs. Supernatants were removed 6 h later and cells were washed three times with PBS, followed by adding complete DMEM growth medium. At 48 h later, supernatants were collected and cell debris pelleted by centrifugation at 4,000 r.p.m. for 10 min at 4 °C. Cleared supernatants from infected cells were serially diluted (10 1 -10 8 ) in DMEM without supplements. Vero cells, grown in 96-well plates, were infected with diluted supernatants in six replicates per dilution. Cells were incubated for 7-9 days and an endpoint titre was calculated as a tissue culture infective dose 50% (TCID 50 ) according to the Reed-Muench method 56 .
For determining SINV replication in TRIM23 +/+ and TRIM23 −/− MEF cells, ~3 × 10 5 cells were incubated in suspension with SINV (MOI of 0.1 or 1) in DMEM supplemented with 5% FBS for 1 h. Next, cells were pelleted by centrifugation, washed twice with PBS and seeded into 24-well plates containing complete DMEM. Virus-containing cell supernatants were collected 8 h later and subjected to standard plaque assay. Briefly, BHK-21 cells, grown to confluency in 12-well plates, were infected for 1 h with 100 µ l of serial dilutions of the virus-containing supernatants (in Dulbecco's phosphate-buffered saline, Life Technologies, containing 1% FBS) mixed with 250 µ l DMEM. Overlay medium containing 0.75% agarose (IBI Scientific, IB70051) in DMEM complemented with 5% FBS was added to cells, and cells were incubated for 24 h until the formation of plaques was visible. The agarose overlay was removed and cells were fixed in 4% (vol/vol) PFA in PBS (Santa Cruz) and stained with crystal violet (in 30% ethanol) to visualize plaques. Plaques were counted and the infectious titre determined using the following equation: virus titre (p.f.u. ml −1 ) = number of plaques × (1 ml/0.1 ml)/fold of dilution.
For determining Ad-GFP replication, TRIM23 +/+ and TRIM23 −/− MEF cells were grown in 24-well plates (~2 × 10 5 cells per well), and the next day infected with Ad-GFP at the indicated MOIs. Cells were washed twice with PBS 6 h later, followed by adding complete DMEM growth medium to cells. Cells were collected 24 h later by detaching them using trypsin-EDTA (Invitrogen) and then fixed in 2% (wt/vol) PFA (Santa Cruz) for 20 min. The percentage of GFP-positive cells was determined by fluorescence-activated cell sorting (FACS) analysis using a BD LSRII 3-8 flow cytometer.
Colorimetric GTPase assay. Five 10 cm dishes of HEK293T cells (~1 × 10 7 cells per dish) were each transfected with 20 µ g of FLAG-TRIM23 WT or the indicated mutants. At 48 h later, cells were lysed in Triton X-100 lysis buffer (150 mM NaCl, 5 mM EDTA, 1% (vol/vol) Triton X-100, 50 mM HEPES pH 7.4 and protease inhibitor cocktail (Sigma)) and cell debris pelleted by centrifugation at 13,000 r.p.m. for 20 min at 4 °C. Cleared lysates were incubated with a ~50% slurry of FLAG M2 Agarose (Sigma) for 4 h at 4 °C. Precipitates were washed extensively with Triton X-100 buffer containing 500 mM NaCl and immunoprecipitated proteins were eluted from the beads by incubation in 0.1 M sodium citrate (pH 2.5) for 15 min at 50 °C. Eluted samples were immediately neutralized with 1 M HEPES (pH 8.0). GTPase assay was performed using the ATPase/GTPase Activity Assay Kit (Sigma) according to the manufacturer's instructions. Briefly, eluted proteins were normalized using a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) and incubated in the presence of GTP for 120 min at room temperature. After addition of the detection reagent, absorbance of samples was analysed at 620 nm using a Molecular Devices VersaMax plate reader. Free phosphate values were calculated using a standard curve.
Luciferase-based GTPase assay. Five 10 cm dishes of HEK293T cells (~1 × 10 7 cells per dish) were each transfected with 20 µ g of FLAG-TRIM23 WT or the indicated mutants. At 48 h later, cells were lysed in Triton X-100 buffer (150 mM NaCl, 5 mM EDTA, 1% (vol/vol) Triton X-100, 50 mM HEPES pH 7.4 and protease inhibitor cocktail (Sigma)) and cell debris pelleted by centrifugation at 13,000 r.p.m. for 20 min at 4 °C. Cleared lysates were incubated with a ~50% slurry of FLAG M2 Agarose beads (Sigma) for 4 h at 4 °C. Beads were washed three times with Triton X-100 buffer containing 500 mM NaCl and then twice with GTPase assay buffer (20 mM Tris pH 8.0, 10 mM DTT, 2.5 mM EDTA, 0.3 mg ml -1 bovine serum albumin, 0.1 mg ml -1 cardiolipin (C0563, Sigma) and protease inhibitor cocktail (Sigma)). GTPase activity of the purified proteins was measured using the GTPase-Glo Kit (Promega) according to the manufacturer's instructions. Briefly, the purified proteins were incubated for 14 h at room temperature in GTPase-Glo-GEF (Guanine Exchange factor) buffer containing 10 µ M GTP and 1 mM DTT. Next, the reconstituted GTPase-Glo buffer (GTPase Glo reagent 1:500, 10 mM ADP in GTPase-Glo buffer) was added to the samples and incubated for 30 min at room temperature. Ten minutes after addition of the Detection Reagent, luciferase luminescence was measured using a BioTek Synergy HT. GTPase activity values were normalized to purified protein amounts, determined by BCA assay (Thermo Fisher Scientific), to account for differences in purification efficiency of TRIM23 WT and mutant proteins.
Alignments and phylogenetic tree. Primary sequence pairwise alignments were performed using Clustal Omega. The phylogenetic tree was generated by Clustal Omega as a neighbour-joining tree without distance corrections.
Homology modelling. Homology models of the TRIM23 ARF domain (residues 402-574) were calculated using the automated subroutines of SWISS-MODEL at https://swissmodel.expasy.org (ref. 57 ). From the available templates, ARF6 was selected due to its 55.5% sequence identity to the ARF domain of TRIM23 and because both GTP-and GDP-bound structures are available for ARF6 (PDB codes 2A5D and 1E0S, respectively) 58, 59 . The GTP-bound forms of different ARF proteins adopt highly similar structures, whereas GDP-bound forms are more divergent. We therefore consider the GTP-bound model of the TRIM23 ARF domain to be more reliable.
Statistical analysis. To calculate P values for the TRIM siRNA screen, a two-way ANOVA assay was used in R. Approximately 90 cells (3 × 30 cells) were quantified per sample. A P value of < 0.05 was considered statistically significant.
For all other experiments, unpaired two-tailed Student's t-tests were used to compare differences between two unpaired experimental groups in all cases. A P value of < 0.1 was considered statistically significant. Corresponding author(s): Michaela Gack
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